The mismatch repair system (MMR) recognizes and corrects mismatched or unpaired bases caused mainly by DNA polymerase, and contributes to the fidelity of DNA repli cation in living cells. In Escherichia coli, the MutHLS system is known to function in MMR, and homologues of MutS and MutL are widely conserved in almost all organ isms. However, the MutH endonuclease has not been found in the majority of organ isms. Such organisms, including Thermus thermophilus HB8, often possess the so called MutS2 protein, which is highly homologous to MutS but contains an extra C terminal stretch.
To elucidate the function of MutS2, we overexpressed and purified T. thermophilus MutS2 (ttMutS2). ttMutS2 demonstrated the ability to bind double stranded (ds) DNA, but, unlike ttMutS, ttMutS2 showed no specificity for mismatched duplexes.
ttMutS2 ATPase activity was also detected and was stimulated by dsDNA. Our results also showed that ttMutS2 incises dsDNA. ttMutS2 incises not only oligo dsDNA but also plasmid DNA, suggesting that ttMutS2 possesses an endonuclease activity. At low concentrations, the incision activity was not retained, but was pro moted by T. thermophilus MutL.
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n living cells, a great amount of DNA damage arises as a *esult of errors during DNA replication, genetic recombi iation, and other processes (1, 2) . The accumulation of his damage can result in various genetic diseases. Many )NA repair systems have evolved to remove these esions. One of them is the mismatch repair system MMR), which is conserved throughout all organisms. In ;'scherichia coli, the early reactions of MMR are per ormed by the MutHLS system, which consists of three )roteins, MutS, MutL and MutH (3) . In this system, a nismatched base in the double-stranded (ds) DNA is rec )gnized by a MutS dimer. A MutL dimer interacts with ind stabilizes the MutS-mismatch complex, and then the VIutH endonuclease is activated by MutL. MutH recog iizes hemi-methylated GATC sites and then nicks the ewly synthesized strand containing the error. To com ilete the repair, the strand containing the error is •emoved by an exonuclease and a new strand is synthe sized by DNA polymerase. Homologues of E. coli MutS ind MutL exist in many organisms ranging from bacteria o human, suggesting that the MutHLS system is com non among those species (4, 5) . Interestingly, despite the )revalence of the MMR system, no homologue of E. coli ilutH has been identified in the majority of organisms 6). MutH is a kind of restriction enzyme that functions in coordination with Dam methyltransferase, similar to a restriction-modification model. It is thought that this pair of enzymes originated in a single genome, moved to a few others, and was recruited to the MMR (7) . This hypothesis might explain the observation that the major ity of organisms does not possess these enzymes. There fore, in organisms lacking mutH, MMR is not perfectly understood, and searches have been conducted for a new endonuclease involved in MMR.
T o whom correspondence should be addressed at: Dept. of Biology, iraduate School of Science, Osaka University, Tel: +81-06-6850 433, Fax: +81-06-6850-5442, E-mail: kuramitu@bio.sci.osaka-u. (10) . At present, the function of MutS2 is still unknown.
The Thermus thermophilus HB8 genome project (11) revealed the existence of not only MutS (ttMutS) and MutL (ttMutL), but also MutS2 (ttMutS2). Our labora tory has studied the functions and characteristics of ttMutS (12) (13) (14) (15) . Here we report the purification of ttMutS2 and characterization of its properties and activ ities, including evidence that ttMutS2 has the ability to incise a DNA strand. 
RESULTS

Sequence Comparison of ttMutS2, ttMutS and Other MutS Homologues-ttMutS
is composed of 819 residues, while ttMutS2 has 744 residues ( Fig. 1 ). Although these proteins share a highly homologous core region, ttMutS2 lacks residues 1-279 at the N-terminus of ttMutS and contains an extra stretch encompassing about 200 resi dues in the C-terminal region (544-744) that ttMutS does not have. The structural analysis of Thermus aquat icus (TAQ) MutS complexed with a heteroduplex DNA revealed that the N-terminal region of MutS contains the DNA-binding domain that is involved in recognition of a mismatched base (17) . Interestingly, ttMutS2 lacks this region. According to Eisen's suggestion (6), the term MutS2 refers to a paralogue of MutS, which is not expected to be involved in mismatch-recognition. The structural analysis of TAQ MutS also revealed that the central and C-terminal regions of MutS contain the dsDNA-binding domain and the ATPase domain, respec tively. The ATPase domain of MutS includes a Walker's A-type nucleotide-binding motif and also constitutes a dimerization domain. Dimerization is essential for for mation of the nucleotide-binding site (17) . Moreover, analysis of deletion mutants of the E. coli mutS gene revealed that the C-terminal ATPase domain is also required for MutS-MutL interaction (18) . These regions are shared by ttMutS and ttMutS2.
It is likely that there are primarily three classes of MutS2: bacterial MutS2, archaeal MutS2 and plant MutS2 (Fig. 1) . Bacterial MutS2 homologues were searched for using the entire ttMutS2 sequence as a query in a BLAST search. Archaeal and plant MutS2 homologues were searched for using the ttMutS2 ATPase and Smr domain sequences, respectively, as queries in a PSI-BLAST search. Bacterial MutS2, including ttMutS2, shares the homologous non-specific dsDNA-binding domain and the ATPase domain (dimerization domain) with TAQ MutS, and also contains the Smr domain. Sim ilar architecture is also found in plant MutS2 from Arabi dopsis thaliana and Oryza sativa. Unlike these proteins, archaeal MutS2 does not possess the Smr domain. Sev eral bacteria, including E. coli, do not possess MutS2-like proteins; such species often have MutH and Dam methyl- of sequence motifs in ttMutS and ttMutS2, and classification of the MutS2 lineage. ttMutS entire sequence shows more than 90% identity to that of TAQ MutS, whose crystal structure has been solved (17) . dsDNA-binding Domain and ATPase Domain of ttMutS2 indicate the regions that show more than 30% identity to the respective domains of TAQ MutS. Smr domain in ttMutS2 represents the region that shows about 30% identity to other bacterial Smr domains. Solid and broken lines indicate the regions with more than and less than 30% identity to the corresponding regions of ttMutS2, respectively. Bacterial MutS2 homologues were searched for using the entire ttMutS2 sequence as a query for a BLAST search. Archaeal and plant MutS2 homologues were searched for using the ttMutS2 ATPase and Smr domain sequences, respectively, as queries for PSI-BLAST searches. transferase. It has been reported that an archaeal MutS2 from Pyrococcus furiosus was purified (19) , but there has been no report describing the purification of a bacterial or plant MutS2. Here, we describe the purification and the characterization of bacterial MutS2 protein for the first time (see Experimental Procedures for details).
Overproduction and Purification of ttMutS2 and MBP ttMutL-ttMutS2 was expressed in E. coli BL21 (DE3) under control of an IPTG-inducible T7 promoter. The induced band was observed at -83 kDa ( Fig. 2A) , which corresponds to the molecular mass calculated from the amino acid sequence of ttMutS2. After removal of most of the endogenous E. coli proteins by heat treatment, the protein was purified to homogeneity by sequential col umn chromatography on phospho-cellulose and Toyope arl-phenyl (Fig. 2A) . The N-terminal of amino acid sequence was found to be M-R-D-V-L-E-V-L-. The sequence was identical to that expected after translation from the nucleotide sequence of the ttmutS2 gene.
ttMutL was overexpressed as an MBP-fused protein (-103 kDa). After column chromatography on amylose resin and SuperQ, the protein was purified to homogene ity (Fig. 2B) .
Ability to Dimerize-According to the crystal struc ture of TAQ MutS homodimer complexed with a heter oduplex DNA, MutS is expected to bind to the substrate DNA as a dimer (17) . Since ttMutS2 has a corresponding dimerization domain, we assessed the ability of ttMutS2 to form homodimers by using size-exclusion chromatog raphy. As ttMutS2 easily aggregated, the experiment was performed with elution buffer containing 300 mM KCl, which efficiently prevented the aggregation. The major ity of ttMutS2 at 10 µM eluted in the void volume of the column, but a small fraction of the protein eluted at a vol ume corresponding to an apparent molecular weight of 193,000 (Fig. 3) . As the molecular mass of a ttMutS2 monomer is 82,500, this result suggests that some of the ttMutS2 forms homodimers in solution. ATPase Assay-ttMutS contains a Walker's A-type nucleotide-binding motif and shows weak ATPase activ ity (15) . The ATPase domain is also the dimerization domain, and it is thought that dimerization of MutS is necessary to form the nucleotide-binding site. Since MutS2 possesses an ATPase domain homologous to that of MutS and size-exclusion chromatography verified the existence of a homodimeric form of ttMutS2, it was hypothesized that ttMutS2 might be able to hydrolyze ATP. Therefore, we used the TLC method to investigate the ability of ttMutS2 to hydrolyze ATP.
The measurements demonstrated that ttMutS2 has ATPase activity (Fig. 4) . The activity at 700C was higher than at 37•Ž, indicating that the hydrolysis was carried out by the thermostable ttMutS2 protein, not by other proteins from host cells. Figure 4B also shows that the ATPase activity was activated by a dsDNA. This result suggests that ttMutS2 interacts with dsDNA. There was no difference between the extent of activation by homoduplex and G-T mismatched heteroduplex DNA (data not shown).
DNA-Binding Activity-Dimeric ttMutS binds with higher affinity to G-T mismatched heteroduplex DNA than to homoduplex DNA (15) . ttMutS2 retains the dimerization domain and non-specific dsDNA-binding domain, but not the mismatch-recognition domain. In addition, the ATPase assay showed ttMutS2 might inter act with dsDNA. To verify the ability of ttMutS2 to bind to DNA and determine whether it exhibits a preference for a mismatched duplex, binding to 20-bp dsDNA with or without a mismatched base at the center of the strand was examined by gel shift assay. As shown in Figs. 5, A and B, complexes of ttMutS2 with dsDNA were detected. However, ttMutS2
bound to homoduplex and heterodu plex DNA with equivalent affinity (Fig. 5C ). It should be noted that supershifted bands were detected at higher concentrations of ttMutS2 with both substrates. These bands might represent the binding of the second mole When the upper band was recovered and incubated again with ttMutS2, the large product was digested to the lower band, and further digestion resulted in the tailing of the lower band (Fig. 7B) . These results strongly sug gest that ttMutS2 possesses endonuclease activity. These reactions were performed at 70°C. Retention of activity at the higher temperature means that the digestion of plas mid DNA could be ascribed to protein from the ther mostable organism and not from host cells. Moreover, the control experiment used in the former nuclease assay was applied here, and no digestion was observed (data not shown). ttMutS2 Nuclease Activity Was Promoted by MBP ttMutL-We assessed the dependence of the nuclease activity on ttMutS2 concentration (Fig. 8A) . The appar ent velocity of the nuclease activity versus ttMutS2 con centration showed a sigmoidal response (Fig. 8B ). This may be related to the dimeric state of ttMutS2, which is dependent on protein concentration. E. coli MutL interacts with E. coli MutS on dsDNA (20) , and deletion mutation analysis of the E. coli mutS gene revealed that the C-terminal region of MutS is essential for MutS-MutL interaction (18) . Since ttMutS2 contains a region homologous to the C-terminal region of MutS (Fig. 1) , a ttMutS2-ttMutL interaction was hypoth esized. Therefore, we tested the effect of MBP-ttMutL on the activity of 100 nM ttMutS2, which cannot incise dsDNA.
32P-labeled 20-bp homoduplex and G-T mis matched heteroduplex DNA were used as substrates. After incubation for various times, the reaction mixtures were electrophoresed on a denaturing gel and analyzed. While 100 nM ttMutS2 alone could not incise the sub strates (Fig. 9A) , the addition of MBP-ttMutL activated the nuclease activity (Fig. 9 , C and D). As shown in Fig.  9B , MBP-ttMutL possessed no nuclease activity. There fore, the digestion must have been carried out by ttMutS2 activated by MBP-ttMutL. We tested whether ttMutS2 actually interacts with ttMutL by using a phospho-cellulose column. MBP ttMutL did not bind to phospho-cellulose and eluted with a buffer containing no KO (Fig. 10A ). In the presence of ttMutS2, however, MBP-ttMutL was trapped in the col umn and did not elute until ttMutS2 eluted with a buffer containing about 300mM KCI (Fig. 10B) . Thyroglobulin (66.9 kDa) was used as a control and was not trapped in the column in the presence or absence of ttMutS2 (data not shown). These results indicate that ttMutS2 inter acted with MBP-ttMutL.
However, MBP-ttMutL did not introduce any change of the degradation pattern or spe cificity for mismatched heteroduplex (Fig. 9, C and D) .
DISCUSSION
The most striking result of this study is the finding that ttMutS2 has a nuclease activity. To the best of our knowl edge, this is the first report in which the nuclease activity of purified bacterial MutS2 has been experimentally ver ified. ttMutS2 digested oligonucleotides without specifi city for mismatched bases (Fig. 6) . When ttMutS2 digested 20-mer oligonucleotides, the three main prod ucts were 8-, 11 and 14-mers (Fig. 6F) . This digestion by ttMutS2 did not generate "one base ladder" products. This result can be explained by either endonuclease or and other nucleases that are activated by MutL. In addition, only ttMutS2 is highly homologous to the MutS mismatch-recognition protein.
We have also determined that ttMutS2 has weak abil ity to form a homodimer, by size-exclusion chromatogra phy (Fig. 3) . MutS also possesses the ability to form a homodimer, and its dimerization domain has been identi fied (17, 24) . Comparison of ttMutS2 and ttMutS showed that ttMutS2 contains a region corresponding to the dimerization domain of MutS. Since the common dimeri zation domain exists in both ttMutS and ttMutS2, it may be possible for ttMutS2
to form the heterodimer with ttMutS. Moreover, the crystal structure of MutS dimer bound to a substrate DNA is asymmetric, and only one of the two molecules is involved in recognition of the mis matched or unpaired base (17, 24 
